Respiratory mechanics are closely monitored at the bedside of mechanically ventilated critically ill patients and provide useful information about clinical severity, disease evolution and efficacy of therapeutic interventions.
In intubated patients, inspiratory gas flow through the endotracheal tube (ETT) is facilitated by a pressure gradient between trachea and airway opening. In non-mandatory ventilator modes, such as inspiratory pressure support (PS) and automatic tube compensation (ATC) 1, 2 , this driving pressure difference must be set on the ventilator in order to assist patient respiratory effort. In the presence of increased resistance of the artificial airway due to obstruction, this driving pressure can be unexpectedly high. Factors associated with increased ETT resistance (R ETT ) include inspissated secretions, complex aggregation of micro-organisms (biofilms) and biting or bending of the tube 3, 4 . Notably, since ETT obstruction may be unrelated to the duration of intubation 3 and may pose an unrecognised factor interfering with weaning efforts, it would be useful to have a method by which to reliably measure ETT resistance.
The method we now use in clinical practice for measuring total inspiratory resistance in patients under controlled mandatory ventilation (CMV) is the rapid end-inspiratory occlusion method. It assesses respiratory system pressure under static (no flow) conditions (P plateau ), thus excluding the component of airway resistance, which is also included in peak airway pressure (P peak ). The difference (P peak -P plateau ) reflects the pressure needed to overcome the resistance of the large airways (in which ETT is included). An important caveat in the interpretation of inspiratory resistance measurements is that the component of R ETT is unknown, since SUMMARY The aim of the study was to calculate the in vitro inspiratory resistance (R ETT ) of adult endotracheal tubes (ETT), via the end-inspiratory occlusion method, and to apply this method in vivo in order to estimate R ETT value in real time. By plotting R ETT over inspiratory flow ( V ) and calculating Rohrer's coefficients of linear and nonlinear resistance, K 1 and K 2 respectively, we determined the resistive behaviour of each ETT.
Peak and plateau pressures were recorded at both proximal and distal sites of the ETT after applying a threesecond occlusion under constant flow. Distal pressure was obtained via an intraluminal catheter. R ETT was calculated as (P peak -P plateau )/( V ), at both sites. R ETT value resulted from the difference R proximal -R distal . Graph R ETT over ( V ) was plotted and Rohrer's constants were calculated by the method of least squares.
For ETTs with inner diameter 9.0, 8.5, 8.0, 7.5, 7 .0 and 6.5 mm, K 2 was 2.42, 3.05, 4.65, 6.01, 9.17 and 12. 80 cmH 2 O/l/s, respectively. The intraluminal catheter increased R ETT No.7.0 by an average of 49%. Finally, ten patients with partially obstructed ETTs were tested and K 2 in vivo constants found to be higher than their corresponding in vitro values (P value 0.00012).
Therefore, knowing the performing size of an ETT may help the clinicians identify ETT obstruction and deal with weaning problems.
traditionally, airway pressure is measured at the Y-piece of the ventilatory circuit (P proximal or PY-piece).
Previous attempts to quantify R ETT yielded widely varying results [5] [6] [7] [8] [9] , possibly due to differences in the methodology used. Furthermore, the clinically relevant rapid end-inspiratory occlusion technique was not used in any of these studies. This method has been extensively validated in measuring the total respiratory system resistance in sedated (and paralysed) patients [10] [11] [12] [13] [14] and is therefore considered as the method of choice due to its accuracy and reproducibility 10, 11, 14 .
Moreover, the pressure drop across the ETT (P res ) and its resulting resistance R ETT are expressed by the equations
as Rohrer described in 1915 6, 14, 15 , where K 1 is the coefficient of laminar flow V and K 2 , the principal readout of our study, is the coefficient of turbulent V .
The purpose of the study was to measure the inspiratory resistance of all commonly used adult ETT sizes in vitro, via the introduction of an intraluminal catheter, so as to obtain an airway pressure signal at the distal end of the ETT (P distal ). The R ETT was also expressed in the form of K 2 constant. To quantify R ETT augmentation due to the presence of the intraluminal catheter, we assessed the value of K 2 constant in ETT size no. 7. We finally assessed K 2 constant values in intubated patients and compared them to the in vitro generated values, in order to make inferences regarding the presence of ETT obstruction.
MATERIALS AND METHODS

Experimental (in vitro) set-up
Cuffed ETTs (Portex ® Blue Line ® , Smiths Medical, Kent, UK) of six different internal diameters (ID), (6.5, 7.0, 7.5, 8.0, 8.5 and 9.0 mm) were tested. The distal part of the ETT was inserted into a plastic tracheal model of 22 mm ID, mimicking an adult trachea. An additional external resistance (R ex ) was added in line with the distal end of the tube. Measurements were executed at two levels of R ex 7.5 and 22.5 cmH 2 O/l/second, respectively. The above system was connected to a two-chambered Test Lung model (Dual Adult Training Test Lung -TTL, model 1600, Michigan Instruments Inc., Michigan, USA). For each ETT, we performed 50 consecutive measurements under variable respiratory conditions: two different externally applied resistance levels, five different Test Lung compliances levels (set at 0.02, 0.04, 0.06, 0.08 and 0.10 l/cmH 2 O, respectively) and five inspiratory flows (set at 0.4, 0.6, 0.8, 1.0 and 1.2 l/second respectively). For each set of measurements, we used the same compliance for each lung, so as to avoid discrepancies in respiratory time constants. The curvature of the ETT was held constant at roughly 120°, mimicking the physiologic conditions that predominate in mechanically ventilated patients. Inspiratory flow was generated by a Siemens Servo 300 ventilator (Siemens-Elema, Solna, Sweden), which provided time-cycled, volume-controlled, square wave (constant) flow delivery. Between the ventilator and the proximal end of the ETT, we interposed in succession, a classic breathing circuit (Y-piece), a respiratory filter (heatand-moisture exchanger), the same as the ones used in clinical settings, and a heated pneumotachograph (Hans-Rudolph Inc., model 3700, 0 to 160 l/minute, Kansas City, Kansas, USA).
Data acquisition
Pressure data were obtained by a differential pressure transducer (Differential Pressure 55±100 cmH 2 O; Raytech Instruments, North Vancouver, BC, Canada) at two different sites. a) At the proximal end of the ETT-(P proximal : P 1 ). A P 1 differential pressure transducer was placed directly before the proximal end of the tube and distally to the pneumotachograph. Its recordings reflected the impedance of the whole system distal to the proximal end of the tube. b) At the distal end of the ETT, at two different sites (P distal : P 2 and P 3 ), reflecting the resistance of the system distally to the distal end of the ETT.
Tracheal pressure P 2 , was recorded using a low compliance air-filled intratracheal catheter with end hole, (intravenous Centracath-Vygon, Ecouen, France) with 1.2 mm ID and 1.7 mm outer diameter (OD), that was inserted via guide-wire through the lid of the connector at the proximal end of the ETT, and placed 2 cm above the carinal end of the ETT 16, 17 .
Tracheal pressure was also recorded from a third differential pressure transducer, P 3 , at the external side-port of the experimental tracheal model, which was considered as the reference distal pressure signal. P 2 and P 3 signals were tested and found to be identical.
Inspiratory airflow was estimated via a heated pneumotachograph connected between the ETT and the Y-piece. Flow was also electronically integrated to provide volume. Pressure transducers and pneumotachograph were calibrated separately. All the above data of pressure, flow and volume were recorded in real-time and stored for later analysis.
Ventilatory settings and resistance measurement
The ventilator was set at volume-controlled, constant-flow mode with respiratory rate 8 breaths/ minute, tidal volume 800 ml, inspired oxygen fraction (FiO 2 ) 28% and positive end-expiratory pressure 5 cmH 2 O. After the application of a three-second occlusion 18 , pressures was recorded at every point of interest (proximal and distal sites). Before each set of measurements, the ventilator was allowed to equilibrate with Test Lung for 60 seconds.
The corresponding resistance was calculated by dividing pressure difference (Px peak -Px plateau ) (the mean of two measurements) by flow V (x representing either site 1, reflecting R total or R 1 or site 2, reflecting R tracheal or R 2 ). R ETT resulted from the difference:
and it is expressed in cmH 2 O/l/second. Thus, by having the pressure recordings and the R ETT value, K 1 and K 2 inspiratory Rohrer constants are possible to measure. K 1 and K 2 are constants in the empiric equation for airway resistance, first described by Rohrer in 1915 6, 14, 15 :
The equations describe the phenomenon in which when flow rate increases, or air mixture composition changes, then flow becomes turbulent. (R res =airway resistance, K 1 =coefficient of linear resistance, K 2 =coefficient of nonlinear resistance, V=flow, P res =resistive pressure across the tube).
Values for constants K 1 and K 2 of Rohrer equations were calculated by first fitting V to R by the method of least squares. Therefore, K 1 represents the y-intercept and K 2 represents the slope of the graph line and are also expressed in cmH 2 O/l/second.
Measurement of R ETT no. 7 plus the intraluminal catheter
In order to estimate the degree of obstruction the intraluminal catheter itself can provoke, we measured the resistance value of ETT no. 7 both with and without the Vygon intraluminal catheter (1.2 mm ID to 1.7 mm OD). Measurements were carried out with externally applied resistance of 7.50 cmH 2 O/l/second and Test Lung compliance 0.04 l/cmH 2 O, as described above.
In vivo experiment
The in vivo protocol was approved by the institutional Ethics Committee and informed written consent was obtained from patients' next of kin. Before study enrolment, patients were orotracheally intubated (with standard length Portex Blue Line ETT, ID 7.5 to 8.5 mm), sedated with midazolam and/or propofol and mechanically ventilated (Siemens Servo 300) in a near-supine position (25 to 30 degrees of inclination relative to horizontal). At study enrolment, the ETT position was confirmed via chest X-ray, ETT suction was performed, anaesthesia was maintained with additional dose of midazolom ± propofol and neuromuscular block was induced with cisatracurium. Electrocardiogram (lead II), arterial blood pressure and peripheral oxygen saturation were monitored continuously.
We examined R ETT in 10 patients using the same set-up as the one described in vitro. ETTs with difficulty in patency (assessed as resistance encountered during passage of suction catheter) were included in the study. Patients with FiO 2 higher than 0.4 were excluded from the study, since all occlusion manoeuvres were executed at FiO 2 0.28, in line with the experimental protocol. Tidal volume and ventilatory rate were set by the primary phycisian.
Statistics
Data are expressed as mean values and standard deviation of 10 measurements for every experimental condition. For each ETT size, R ETT was plotted against the corresponding V using linear regression analysis and least-squares method. To compare the slopes of these plots, we performed linear regression analysis and calculated confidence intervals. Goodness of fit (r 2 ) was used to measure the strength of association between variables. Twotailed t-test (unpaired with unequal variances) was used to analyse the variance between data for the in vivo group and the level of significance P was set at 0.05, 95% confidence interval was estimated. Calculations were performed using Graphpad Prism version 5 program.
RESULTS
In vitro study
The results of resistance over inspiratory flow for every ETT are shown in Figure 2 (R ETT over V , as a function of ETT's ID).
Rohrer's constants (K 1 and K 2 ), representing the intercept and the slope of the lines, respectively, were calculated for each ETT size from the aforementioned plots and are provided in Table 1 .
The results for all ETTs show linear distribution and have excellent coefficients of determination ( Table 1 ).
The addition of the intraluminal catheter (1.2 mm ID and 1.7 mm OD) increased the resistance value of an ETT with internal diameter 7.0 mm by an average of 49%, regardless of the inspiratory flow. In Figure 3 , we show the results in a form of line graph. Notice the difference in the angle of the lines, which reflects the augmentation of the corresponding K 2 constant.
In vivo study
Ten patients (five men), with mean age of 66±17 years, were tested. Patients' demographic data, ETT size, duration of intubation, predicted K 2 and measured K 2 constant values are presented in Table 2 . Figure 4 demonstrates the difference in K 2 constant value for each patient compared to baseline in vitro value for the corresponding ETT. This is based on the assumption that at the moment of endotracheal intubation, K 2 constant has approximately the same value as the one measured in vitro. An unpaired t-test was performed to determine if the ETTs under in vivo conditions had higher K 2 constants (were more obstructed) compared to in vitro conditions. We observed that the mean difference between the K 2 constants was significantly greater than zero, (two-tail P=0.0012), providing evidence that the ETTs in vivo K 2 values were augmented. A 95% confidence interval about the mean K 2 value augmentation is (2.68 to 6.88). 
DISCUSSION
This study demonstrates the relationship of inspiratory resistance to inspiratory flow (V) of commonly used adult ETTs within a range of in vitro conditions. Plots of inspiratory R ETT over V provide a good reflection of the behaviour of each tube. It is obvious that, as the inner diameter of the ETT increases, the same change in V causes less R ETT fluctuation. This is reflected by the slope of the R ETT /V curve, which represents K 2 constant. Our experimental data apply to a flow range of 0.4 to 1.2 l/second, and we thus cannot derive any conclusions regarding flow rates beyond the above limits. Therefore, K 1 , the intercept of the y-axis, has only mathematical value and will not be discussed further.
Since the ETT constitutes a significant component of total airway resistance in mechanically ventilated patients, knowledge of the degree of its involvement in total resistance is important. In fluid dynamics, flow through a long cylindrical pipe can be either laminar (which is seldom the case for very slow velocities), turbulent or transitional. The type of flow is determined by the relationship of inertial forces to viscous forces within the fluid, expressed by the non-dimensional Reynolds Number (Re) 15 . According to the law of Hagen-Poiseuille, when flow is laminar (for R up to 2000), R ETT is directly proportional to tube length (L), inversely proportional to the fourth power of its internal radius (r), and independent of flow 15 .
where η is the dynamic fluid viscosity.
Similarly, when flow is transitional or turbulent (for Re >2000), which is almost always the case with mechanical ventilation, R ETT is directly proportional to the length of the ETT (L), flow (V) and gas mixture characteristics (f) and inversely proportional to the fifth power of tube's internal diameter (D) 19 .
The importance of measuring P tracheal rather than P proximal (PY-piece) has been emphasised in several studies, since all pressure measurements taken from the proximal end of the tube are difficult to interpret 8, 20, 21 . In adults 2, 8, 17, [22] [23] [24] as well as in children 20, 21, 25, 26 , P tracheal better assesses the pressure generated in the airways compared to the PY-piece, since the latter embodies the drop in pressure across the ETT 9 .
In intubated patients, knowing the actual resistance of an ETT is especially useful, since ETTs may progressively become obstructed by secretions or deposition of debris and therefore impose additional resistive workload 3, 8 . The "theoretical in vitro" value 23 of an ETT has never been evaluated by the rapid occlusion method, by which we traditionally measure inspiratory resistance. This is necessary, since it is important to use the same method for comparing resistance values.
Past studies examining the issue of R ETT gave different results.
Behrakis and co-workers 5, 6 in 1983 studied respiratory mechanics in 14 intubated patients under anaesthesia with or without paralysis. They tested the pressure-flow characteristics of three endotracheal tubes including connectors (with ID 8.0, 8.5 and 9.0) and calculated constants K 1 and K 2 using Rohrer's equation. These constants had greater values than ours, possibly due to differences in methodology: the measured values were expiratory and the gas mixture used was 70% nitrous oxide (N 2 O) -30% oxygen (O 2 ) instead of the 72% nitrogen (N 2 ) -28% O 2 mixture used in our study. The gas mixture used in this study had greater viscosity (and therefore resistance) probably due to greater van der Waals forces between its molecules (N 2 O molecules exhibit dipole moment, whereas N 2 molecules do not). Therefore, these constants probably should not be used as a reference in studies using gas mixtures different from the one mentioned in the above studies.
Rossi and colleagues 7 in 1985 used a pressure-flow relationship that was curvilinear, fitting the following power function: P res =a V b (where a is the pressure value at V of 1 l/second and b is a dimensionless number describing the shape of the curve). Adjusting the above equation on Rohrer's equation
a can be assumed to be the sum of K 1 and K 2 for flow equal to 1 l/second. The results from this study, albeit by a different methodology, approximated our data.
Wright and co-workers 8 in 1989 estimated the in vitro resistance of five different sized ETTs, connected to an artificial lung, via an intraluminal catheter. The structure of the experimental set-up was similar to ours, but the resulting K 1 and K 2 values were lower. This was probably due to the fact that resistance was calculated via a modification of von Neergard and Wirz method (at mid-tidal volume by dividing inspiratory transpulmonary pressure by inspiratory flow), and thus measuring the average inspiratory and expiratory resistance, instead of the inspiratory.
[equation 4], [equation 5]
Polese and colleagues 9 in 1999 used the unpublished data of Navalesi and Gottfried concerning K 1 and K 2 values for three different ETTs (no. 7, 8, and 9) with standard length including connectors. The methodology and gas mixture used were not provided, but the results were similar to ours.
Our study confirms the principles provided by the law of Hagen-Poiseuille (equations 4 and 5) and also provides K 2 in vitro values for most commonly used adult ETTs, which can be used for comparison with the corresponding values measured in vivo. By measuring K 2 of the ETT in situ, we can asses the degree of patency of the ETT. For example, in patient no. 9 with an ETT of 7.5 mm ID, we would expect a K 2 constant value of 6.01 cm/H 2 O/l/ second. Instead, we measured, at day 5, a K 2 value of 12.79 cm/H 2 O/l/second, which corresponds to an ETT of 6.5 mm ID. These measurements provide important information regarding not only the presence, but also the magnitude of ETT obstruction.
In addition, knowing which resistance value to expect from every ETT size may help the clinicians detect and manage weaning failure. For example, ETTs no. 7.0 and 6.5 impose a resistive workload (for V=1 l/second) of 10.14 cmH 2 O/l/second and 13.88 cmH 2 O/l/second, respectively, which for patients with diseases such as asthma or chronic obstructive pulmonary disease exacerbation, could greatly impair weaning.
A limitation of the study is that K 2 at the time of orotracheal intubation value is assumed to equal the in vitro value of K 2 . To resolve this issue, future clinical studies would be warranted in order to serially measure K 2 in vivo and thus detect the onset of functionally significant ETT narrowing. Despite this limitation, our data suggest a significant discrepancy between predicted and in situ ETT resistance, raising concern for the presence of unrecognised ETT obstruction. This finding could have important implications regarding weaning strategies as well as choice of steps taken to alleviate the problem.
